Expression of multiple genes from the same target cell is required in several technological and therapeutic applications such as quantitative measurements of promoter activity or in vivo tracking of stem cells. In spite of such need, reaching independent and high-level dual-gene expression cannot be reliably accomplished by current gene transfer vehicles. To address this issue, we designed a lentiviral vector carrying two transcriptional units separated by polyadenylation, terminator and insulator sequences. With this design, the expression level of both genes was as high as that yielded from lentiviral vectors containing only a single transcriptional unit. Similar results were observed with several promoters and cell types including epidermal keratinocytes, bone marrow mesenchymal stem cells and hair follicle stem cells. Notably, we demonstrated quantitative dynamic monitoring of gene expression in primary cells with no need for selection protocols suggesting that this optimized lentivirus may be useful in highthroughput gene expression profiling studies.
Introduction
Current biotechnologies necessitate coexpression of multiple genes in the same target cell. In gene therapy, certain applications may require expression of the protein of interest together with a marker gene to monitor or purify the modified cells. Other applications may require production of multiple subunits of a protein that is encoded by different genes; or production of several proteins that work synergistically as part of a network. Stem cell technologies may require coexpression of two marker genes, one driven by a lineagespecific promoter to monitor stem cell differentiation and the other driven by a constitutive promoter to monitor gene transfer or track the modified cells in vitro or in vivo. Despite the need for such vectors, independent and high-level dual-gene expression cannot be reliably accomplished by current gene transfer technologies.
Although cotransfection of cells with two separate vectors has been used in the past, the copy number of each vector varies between target cells, resulting in heterogeneous population of cells expressing either one or two genes at different ratios. As a result some cells may express only one of the two proteins in detectable levels rendering quantitative measurements of gene expression or cell tracking difficult. Accordingly, several strategies have been developed and used extensively, including use of internal ribosome entry site, 1,2 selfcleaving 2A-like peptides 3 or bidirectional synthetic promoters. 4 However, as both genes are driven by the same promoter none of these strategies allows independent gene expression necessitating the development of vectors that allow expression of each gene from an independent promoter.
To this end, two transcriptional units in tandem cisarrangement have been used but this approach has been hampered by low level and inconsistent-either one or the other gene is expressed but not both-gene expression mainly due to promoter interference or suppression, [5] [6] [7] [8] the extent of which may vary between cell types. 9 Lentiviral vectors with two independent transcriptional units have been used with variable results. Although some cells showed high gene expression level, others, such as the population of CD34+ cells expressed only one of the two genes. 10, 11 Others showed that expression of the second gene from dual-gene lentiviral vectors was reduced drastically, possibly due to promoter interference. 12 In this study we designed and optimized a lentiviral vector carrying two independent transcriptional units that were spaced by a synthetic polyA (SPA), terminator and insulator sequences. [13] [14] [15] A second insulator sequence was cloned downstream of the second gene polyA to alleviate potential suppression of gene expression from the viral enhancer or surrounding genomic sequence after lentivirus integration. All the internal transcription units were cloned in trans to avoid premature termination of viral mRNA by the inserted polyAs during virus production in packaging cells. With this design, flow cytometry and fluorescence microscopy showed that the vast majority of transduced cells coexpressed both genes to a similar extent as cells transduced with lentiviral vectors containing only a single transcriptional unit. Furthermore, the performance of the newly designed vector was independent of the cell type and promoter used. Using this vector, we demonstrated tissue-specific gene expression in bone marrow mesenchymal stem cells, hair follicle stem cells and epidermal keratinocytes. Using different promoter response elements we also demonstrated quantitative dynamic monitoring of gene expression in response to cytokine stimulation suggesting that this lentiviral vector may be very useful in high-throughput gene expression profiling studies.
Results

Polyadenylation signal increases the consistency and level of gene expression from two transcriptional units in tandem
We employed a self-inactivating lentiviral vector with two promoters, phosphoglycerate kinase (PGK) and cytomegalovirus (CMV) to achieve independent expression of two marker genes, ZsGreen and DsRed, respectively, in hair follicle-derived stem cells (HF-SC). 16 Lentiviral vectors expressing a single gene, namely DsRed under the CMV promoter (C-R) or ZsGreen under the PGK promoter (P-G) served as controls ( Figure 1a ). Note that to avoid disruption of viral mRNA production by polyA sequences in the middle of the vector, the promoters, genes and polyA sequences were cloned in antisense orientation relative to the viral LTR. As the mean fluorescence intensity depends on the number of integrated provirus copies per cell, all virus preparations were diluted to yield similar transduction efficiencies as indicated by the fraction of transduced cells and the mean fluorescent intensity, GFI and RFI.
As expected, cells transduced with single gene vectors C-R or P-G expressed DsRed or ZsGreen, respectively (Figure 1b and c) . Surprisingly, transduction with the dual-promoter lentivirus (P-G-C-R) yielded only a modest fraction of cells (21.5% of total or 29% of transduced cells) expressing both genes despite use of a single vector. A large fraction of cells expressed DsRed (52.5%) but only a small fraction expressed ZsGreen (1.45%; Figure 1d ). In agreement, fluorescence microscopy showed that the majority of cells expressed DsRed but only few cells expressed ZsGreen (Supplementary Figure S1 ), suggesting that the PGK promoter may be suppressed.
Interestingly, addition of the SPA plus a spacer sequence (S) between the two transcriptional units increased the fraction of ZsGreen+/DsRed+ cells dramatically ( Figure 1e ; Supplementary Figure S1 ). The spacer sequence -f1 origin for single-stranded DNA production, which is usually used as a probe or for DNA sequencing or site-directed mutagenesis -was derived from the pEGFP-1 vector (bases: 1067-1522; Clontech Laboratories Inc., Mountain View, CA, USA). Although other polyA sequences resulted in the same fraction of ZsGreen+/DsRed+ cells (Figure 1f ), the combination of SPA plus S resulted in the highest level of ZsGreen expression as quantified by the mean green fluorescence intensity (GFI; Figure 1g) . Surprisingly, although all polyA sequences increased GFI significantly, no polyA increased red fluorescence intensity (RFI) and some of them (rGBpA and SPA) decreased RFI compared to control lentivirus (no polyA; P-G-C-R).
Pause and insulator sequences further enhance gene expression
Previous studies have shown that additional sequences downstream of polyA may play an important role in promoting transcriptional termination. 17, 18 These sequences include pause sites such as the G-rich MAZ4; 19 CoTC, the sequence for transcriptional termination of human b-globin gene; 20,21 T actb , a G-rich sequence from the extension of b-actin gene; and T msa , the pause site for transcriptional termination of the mouse serum albumin gene. 21 Based on these studies, we hypothesized that addition of pause sites between the two gene cassettes in the lentiviral vector might decrease promoter interference even further. To address this hypothesis, we cloned several pause sites downstream of SPA ( Figure 2a ) and compared the expression level of both genes in HF-SC. We employed lentivirus preparations at concentrations that yielded similar transduction levels (42.3 ± 3.6% of cells expressing at least one of the two genes) to ensure similar number of gene copies per cell.
Using these vectors we found that the T actb pause site increased ZsGreen expression significantly by 20.0±6.1% (n ¼ 3) compared to the vector containing the SPA plus S (Figure 2b ). MAZ4 containing lentivirus showed little improvement of GFI but decreased RFI. Surprisingly, both CoTC and T msa reduced ZsGreen expression compared to the nonsense spacer (S) sequence ( Figure 2b) .
In naturally occurring genes that are spaced in close proximity, promoter interference is avoided by organization of genes in distinct domains separated by special DNA sequences termed 'insulators' or 'boundary elements'. [13] [14] [15] Several insulators have been identified including the matrix attachment region from human b-interferon gene (MAR) and the chicken hypersensitive site 4 (cHS4). 13, 22, 23 When cloned into expression vectors, both MAR and cHS4 were shown to improve the level and consistency of transgene expression through the reduction of position effects 12, [24] [25] [26] In addition, these two insulators were also shown to alleviate promoter suppression. 6, 27 To examine whether addition of insulator elements might improve gene expression further we cloned the following insulators downstream of the optimum terminator, T actb : synthetic MAR sequence (sMAR4, sMAR8); the extended core sequence of cHS4 26 or the combination of cHS4 and sMAR8 ( Figure 3a ). Interestingly, cHS4 improved expression of both ZsGreen and DsRed by 41.8 ± 0.8% and 9.0 ± 3.6% (n ¼ 3), respectively ( Figure 3b ). On the other hand, sMAR4 or sMAR8 had no effect on gene expression when added between the two units but addition of sMAR8 downstream of thymidine kinase polyA (TKpA) further improved expression of ZsGreen and DsRed by 14.7±3.2% and 30.9±6.9% (n ¼ 3), respectively (Figure 3c and d) . Interestingly, other insulator elements at that site decreased RFI and to a lesser extent GFI levels.
Dual-promoter lentiviral vectors J Tian and ST Andreadis
Overall, compared to P-G-C-R the optimized lentiviral dual-promoter (LVDP) vector containing SPA, T actb and cHS4 between the two transcriptional units as well as sMAR8 after TKpA ( Figure 4a ) improved DsRed expression by approximately 40% (RFI increased from 128.8±1.7 to 177.8±2.6; n ¼ 3) and ZsGreen expression more than 120-fold (GFI increased from 13.7 ± 0.4 to 1688.3±17.3; n ¼ 3).
The optimized lentiviral vector confers high-level dual-gene expression independent of cell type
Next we examined whether LVDP ( Figure 4a ) could yield high-level and independent expression of both genes in multiple cell types including HF-SC, A431 epidermoid carcinoma cells and bone marrow-derived mesenchymal stem cells (BM-MSC). As controls we use P-G-C-R as well as single-gene lentiviral vectors, P-G and C-R ( Figure 4a ). Since the optimized vector yielded GFI that was about 10 times higher than RFI, the rest of the experiments were conducted with enhanced green fluorescent protein (EGFP) rather than ZsGreen to measure GFI that was comparable to RFI and avoid high compensation during flow cytometry.
Cells transduced with the P-G-C-R lentivirus exhibited a significant population of DsRed+ cells that were not EGFP+ ( Figure 4b ). The percentage of DsRed+/EGFPÀ cells varied for different cell types and was the smallest for BM-MSC ( Figure 4b ). In contrast, transduction with Figure S2 ) as opposed to the P-G-C-R virus (Supplementary Figure S1 ).
LVDP confers independent and high-level dual-gene expression from constitutive and tissue-specific promoters
Next we examined whether independent expression of EGFP-the gene that was mostly suppressed by the second expression cassette (CMV-DsRed)-depended on the choice of promoter. To this end, in addition to PGK we employed the following promoters to drive expression of EGFP: pD314PGK, a truncated PGK with reduced strength, 28 pSV40 or phEEF1A1 (Figure 5a ; also see Supplementary Table S1 ). DsRed was expressed by CMV and gene expression was investigated in HF-SC. Interestingly, flow cytometry ( Figure 5b ) and fluorescence microscopy (Supplementary Figure S3 ) showed that close to 100% of transduced cells expressed both proteins (EGFP+/DsRed+), indicating consistent expression from all promoters. Although each promoter exhibited different activity, the level of gene expression (GFI) from LVDP-transduced cells was similar to that of cells modified with lentivirus encoding for a single gene, that is, EGFP under the same promoter ( Figure 5c ). In addition, the DsRed expression level (RFI) remained unaffected regardless of the promoter driving EGFP ( Figure 5d ), indicating that expression of each transgene was expressed independent of the other.
To test whether LVDP could be used for studies that require tissue-specific gene expression, we replaced the PGK with the human smooth muscle a-actin (pACTA2) promoter (Figure 6a ; LVDP-ACTA2) and transduced three cell types: vascular smooth muscle cells (V-SMC); HF-SC, which were previously shown to contain a significant fraction of a-actin expressing cells; 16 the epidermal cell line, HaCaT, which served as negative control. Almost 100% of V-SMC and about 77.1±2.1% (n ¼ 3) of HF-SC expressed EGFP ( Figure 6b ). As expected, HaCaT cells did not express EGFP but expressed high level of DsRed indicating successful gene delivery. Substitution of pACTA2 by the constitutive pSV40 promoter restored the high level of EGFP expression, suggesting that the weak activity of pACTA2 may reflect the physiology of HaCaT cells rather than pACTA2 suppression by the downstream CMV promoter. Indeed, the EGFP fluorescence intensity of LVDP-ACTA2-modified V-SMC was as high as that of V-SMC transduced by single promoter lentivirus (LVSP-ACTA2; Figure 6c ), further supporting the conclusion that pACTA2 was not suppressed by CMV.
Dynamic gene expression profiling independent of transduction efficiency
Next we employed two response elements, nuclear factor (NF)-kB or AP1 along with a minimum CMV promoter, 29, 30 to drive expression of destabilized d2EGFP (t 1/2 ¼ 2 h) to monitor the dynamics of gene expression in response to exogenous signals. Since these response elements are accompanied by a minimum CMV promoter and the presence of recurring sequences in lentiviral vectors has been shown to result in gene deletions and vector instability, 31, 32 we employed the PGK promoter- (Figure 7a ). Primary human keratinocytes were transduced with lentivirus at two different dilutions, expanded and treated with tumor necrosis factor (TNF)-a (25 ng ml À1 ) or epidermal growth factor (EGF; 25 ng ml À1 ) to activate the NF-kB or AP1 response elements, respectively. Transduced but untreated keratinocytes were used as negative control.
After stimulation with TNF-a or EGF, the EGFP and DsRed fluorescence intensity-GFI and RFI-were monitored using flow cytometry. As shown in Figure  7b and Supplementary Figure S4a (Figure 7c; Supplementary Figure S4b ). Decreasing the concentration of lentivirus decreased NF-kBand AP1-driven GFI without altering the kinetic profiles. As expected, RFI also depended strongly on lentivirus concentration but was not affected by TNF-a or EGF. Notably, in both cases the kinetic profile of the normalized signal (GFI/RFI) was independent of virus concentration, indicating that the signal 
Discussion
In this study, we seek to improve the level and consistency of gene expression from self-inactivating dual-gene lentiviral vectors by systematically incorporating polyadenylation, terminator and insulator sequences between the two expression cassettes. Several investigators reported efficient dual-gene expression lentiviral vectors from two different promoters with one in reverse orientation and the other in forward, 33, 34 or with both promoters in forward orientation. 31 With two genes in tandem, the two transcriptional units elongate in the same direction and share the same polyadenylation signal in the 'R' region of the 3 0 LTR. Therefore, two transcripts are made, which overlap in the downstream gene sequence. 10 In contrast, placing both promoters in opposite orientation to the viral LTRs enabled insertion of polyA sequences between the two gene cassettes without disrupting lentiviral production due to premature termination of the viral mRNA transcript in packaging cells (data not shown and reference 12 ). In addition, this orientation allowed insertion of another polyA and insulator sequence down-stream of the second gene as well. These sequences further enhanced DsRed expression and may also provide enough insulation to avoid interference from flanking genomic elements after lentiviral integration. With the two transcriptional units in trans, we observed that addition of polyadenylation sequence between the two units increased the efficiency and consistency of EGFP expression, albeit to an extent that depended on the specific sequence. The combination of SPA+S yielded the highest EGFP expression although maintaining the level of DsRed expression. The spacer sequence (S) increased RFI and GFI compared to SPA alone, possibly by providing additional space between the two transcription units. 18 Surprisingly, two of the polyA sequences, rGBpA and SPA decreased expression of the downstream gene, DsRed. Although the mechanism is not clear, one possible explanation may be reduction of read-through transcription by the PGK promoter. 10 Finally, some polyA sequences, for example SV40, reduced viral titer significantly even when positioned in trans to the viral LTR (data not shown), possibly because they are able to terminate transcription in a bidirectional manner. 35 Compared to the spacer, S, addition of terminator sequence T actb further improved EGFP expression although maintaining expression of DsRed. Surprisingly, MAZ4 decreased only DsRed expression, whereas CoTC and T msa decreased EGFP expression but maintained DsRed levels. Interestingly, MAZ4 is only 200 bp in Dual-promoter lentiviral vectors J Tian and ST Andreadis length whereas CoTC and T msa are longer than 400 bp, suggesting that the length of the terminator sequence may affect promoter activity.
In agreement with a recent report using nonviral vectors, 27 the cHS4 insulator improved lentivirusmediated EGFP expression over and above the enhancement afforded by the polyA and pause sequences. cHS4 also improved DsRed gene expression albeit to a lesser extent. Notably, the expression level of each gene from the optimized LVDP vector was similar to that of vectors carrying a single expression cassette, suggesting that promoter interference was eliminated. Taken collectively, these results suggest that terminator and insulator sequences must be carefully optimized to ensure efficient and consistent gene expression.
Promoter activity measurement is one area where consistency of gene expression is very important because the level of expression must reflect the true biological activity of the promoter and be independent of strong adjacent promoters or the efficiency of gene transfer. Current state-of-the-art assays rely on two plasmid cotransfection, where one plasmid encodes for a marker gene, for example, luc under a tissue specific promoter and the other employs a constitutive promoter to drive expression of a second marker, for example, Renilla luc. As a result, it is not possible to ensure the same transfection efficiency for both plasmids thereby affecting the accuracy of signal normalization. In addition, low transfection efficiency restricts application of this assay to a small group of easily transfectable cell lines such as 293T cells. Application to other cell types may require long antibiotic selection protocols often followed by selection of single cell clones that exhibit the highest promoter activity in response to a particular treatment. Concerns then arise regarding the duration and physiological significance of such studies. More importantly, following experiments with one cell type, application of the same approach to a second cell line requires tedious reengineering of a new cell line, a process that can take several more weeks.
Our data showed that the optimized LVDP dual-gene lentivirus overcomes these problems and may be ideal for dynamic promoter activity assays especially in the more physiologically relevant context of primary cells and stem cells. Using the NF-kB or AP-1 response elements and a destabilized EGFP marker gene we determined the kinetics of gene expression in response to cytokine treatment, TNF-a or EGF, respectively. As expected the level of EGFP and DsRed expression depended on lentivirus concentration but only EGFP expression changed dynamically in response to TNF-a or EGF. Notably, normalizing the EGFP signal by the Dual-promoter lentiviral vectors J Tian and ST Andreadis intensity of DsRed (GFI/RFI) maintained the shape of the kinetic profile and rendered it independent of transduction efficiency or the site of lentivirus integration. This data clearly demonstrates that the two promoters acted independent of each other and yielded consistent gene expression data. Therefore, LVDP may be useful in high-throughput gene expression profiling studies.
Our results showed that the combination of polyA, insulator and terminator sequences eliminated promoter interference yielding high-level gene expression that was similar to that obtained by single-gene encoding vectors. These elements may also shield these two transcriptional units from the influence of cellular chromatin and reduce potential activation of adjacent cellular genes by internal promoters after provirus integration into the cellular genome. 13, 36, 37 Indeed, shielding from surrounding genomic elements may account for the increased DsRed expression on addition of sMAR8 insulator downstream of TKpA. If true, this hypothesis may also suggest that the insulator and/or terminator sequences may reduce the oncogenic potential of lentiviral vectors ultimately improving their safety and therapeutic potential.
Materials and methods
Cell culture
293T/17 cells (ATCC, Manassas, VA, USA), A431 cells (ATCC), HaCaT cells, V-SMC, BM-MSC and HF-SC were cultured in Dulbecco's modified Eagle's medium (GIBCO BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (GIBCO). Isolation and culture of primary human keratinocytes was performed as described previously. 38, 39 For experiments involving cytokine treatment, keratinocytes were cultured in serum-free medium without supplements (EGF and BPE) but with addition of 1% bovine serum albumin for 24 h before stimulation. Keratinocytes were treated with human recombinant TNF-a (25 ng ml À1 ; Sigma, MO, USA) or EGF (25 ng ml À1 ; GIBCO) and harvested for flow cytometry at 0, 2, 4, 8, 12 and 27 h after treatment. At each time point untreated cells served as negative controls.
Cloning and lentivirus production
The third generation of lentiviral system was described elsewhere. 40 The cloning sites, primers and templates (genomic DNA or other plasmids) are listed in Supplementary Table S1 . All PCR reactions were carried out with High-Fidelity-Plus polymerase (Roche, Indianapolis, IN, USA), Accuzyme DNA polymerase (Bioline, Taunton, MA, USA) or Phusion High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) following the manufacturer's protocols. For oligonucleotide annealing, sense and antisense oligonucleotides were mixed at 1:1 ratio to a final concentration of 50 mM and the mixture was incubated at 95 1C for 30 s, followed by stepwise cooling at 72 1C for 2 min, 37 1C for 2 min and 25 1C for 2 min. All cloning products were confirmed by sequencing with ABI PRISM 3130XL Genetic Analyzers (Applied Biosystems, Foster City, CA, USA).
For lentivirus production, 293T/17 cells (ATCC) were transiently cotransfected with four plasmids using the standard calcium phosphate precipitation method 41 when they reached 70-80% confluence. The following plasmids were used: 15 mg lentiviral vector, 5 mg pMDLg/p, 3 mg pSRV-rev and 1.5 mg pMDG-VSVG. After 24 h, transfected cells were washed with phosphate-buffered saline and the culture medium was replaced with medium containing 5 mM sodium butyrate (Aldrich, St Louis, MO, USA). Virus was harvested twice at 24 and 48 h after transfection, filtered through 0.45 mm filter (Millipore, Bedford, MA, USA), pelleted by ultracentrifugation (50 000 g at 4 1C for 2 h) and resuspended in fresh medium. The titer of lentiviral preparation was determined on HF-SC and lentiviral mRNA was measured using the Lenti-X qRT-PCR titration kit (Clontech Laboratories Inc.) for the indicated lentivirus stocks (Supplementary Figure S5) .
Lentivirus transduction
Non-tissue culture-treated 24-well plates were incubated overnight at 4 1C with 400 ml of recombinant fibronectin (rFN) fragment CH296 (10 mg ml À1 ; Takara Mirus Bio Corporation, Madison, WI, USA). Lentivirus (200 ml per well) at the indicated dilution was preloaded in rFNcoated wells and incubated at 37 1C for 2 h. At the end of virus incubation, 30 000 cells in 300 ml of culture medium were added in each well to initiate gene transfer. The culture medium was replenished the next day and cells were processed for flow cytometry at 72 h after transduction (usually 490% confluence).
Statistical analysis
Statistical analysis of the data was performed using a two-tailed Student's t-test (a ¼ 0.05) using Microsoft Excel (Microsoft, Redwood, CA, USA).
